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Abstract
To examine the effect of reducing luminance contrast in human foveal vision, discrimination thresholds were measured in four
tasks and also a numerical measure of two visual illusions were obtained by a nulling technique. The patterns used for all tasks
were made very similar to facilitate comparison between them—all featured luminance step edges whose contrast could be varied
from near unity down to the detection threshold. Orientation, vernier and blur discrimination thresholds rise on average 5–6-fold
when the contrast is reduced from near unity to a Michelson value of 0.03. Jump displacement thresholds are somewhat more
robust to contrast reduction, and the curve of separation discrimination versus contrast is much shallower, rising by a factor of
about 2. The magnitude of the Poggendorff and tilt illusions changes very little until the inducing contours are barely detectable.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Contrast reduction has been an effective tool in
distinguishing mechanisms in visual perception. It was
used, for example, to demonstrate a difference between
vernier acuity and spatial interval discrimination (Mor-
gan & Regan, 1987), stereoscopic acuity (Westheimer &
Pettet, 1990), and the Poggendorff illusion (Westheimer
& Wehrhahn, 1997). In the latter study we were in fact
able to calibrate the strength of a virtual contour by
finding the contrast of a real border that has an equiv-
alent influence in the Poggendorff illusion. In a detailed
review, McKee (1991) examined the role of contrast in
understanding the physical basis of the visual hyper-
acuities. These findings have prompted us to investigate
in some details the way reduced luminance contrast
affects the participation of edges in a variety of spatial
visual tasks in the same observers.
Because the optical line-spread function varies from
one eye to another, it is impossible to give a meaningful
value for the contrast of a line; for an unambiguous
characterization of contrast in the retinal image, the
field has to extend at least the full area of the point-
spread function. Once this has been exceeded, the reti-
nal illuminance is proportional to the integral of the
point-spread function, regardless of its exact shape.
Hence unequivocal specification of contrast at the level
of the retina requires borders between extended fields.
Fortunately, as was first shown by Best (1900) for
vernier acuity, edge stimuli give the same results as lines
in the kind of tasks we are interested here and they
have the virtue that the contrast of the physical stimu-
lus can be controlled and measured easily. In confor-
mity with current usage we employ the Michelson
formula
(LmaxLmin):(LmaxLmin)
throughout, expressing it in the form of a ratio which
varies from 0 when the field is uniform and there are no
borders to 1, when the there is a bright edge and the
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rest of the field is dark. Because the Michelson contrast
no longer contains explicit information about the gen-
eral light level, it should be mentioned at the outset that
all our findings were obtained in foveal vision at
medium photopic level in the luminance range 20B
LmaxB120 cd:m2. It is to be expected that quantitative
and perhaps even qualitative differences would emerge
were the stimulus conditions to be extended into the
scotopic levels and the peripheral visual field. As
Wilcox (1932) pointed out, there are occasional singu-
larities in good observers at high luminance when the
Michelson contrast is very close to 1.00. We have
encountered these on several occasions, but have left
this problem aside in this study by using contrasts of
about 0.75 for the purposes of normalization. The
origin of this Wilcox effect remains to be explored.
In what follows we present data on the effect of
contrast varying in value over an almost two log unit
range from near unity down to near the detection
thresholds in seven visual tasks in six observers.
2. Methods
Although different stimuli were used for each visual
task, all of our patterns were similar in that the discrim-
ination was based on (or the illusion was induced by) a
foveal luminance edge about 30 arcmin in length (with
the exception of the Poggendorff illusion; see below)
between extended regions of constant luminance. They
were displayed on a uniform background, covering the
remainder of the screen, whose luminance was in the
medium photopic range.
Throughout the whole project we used the method of
constant stimuli. One member of an ensemble of seven
stimuli, equally-spaced in the stimulus range, was pre-
sented for a fixed duration of 250 ms, and in the 2 s
interstimulus interval the observer had to give a binary
response. Data were accumulated in blocks of 150
trials, with about seven blocks in a session. All data
points are based on at least 300 responses distributed
over at least 2 days. Response psychometric curves
were analyzed by the method of probits to give
thresholds, i.e. half the distance between the 25 and
75% ‘yes’ responses, and mean values, i.e. the interpo-
lated stimulus value for 50% ‘yes’ responses, each with
its standard error. No error feedback was provided in
any of the experiments.
Observation was in a dimly-lit room, binocular, with
natural pupils, on most occasions with the use of a
head and chin rest, at a distance of either 4 or 6 m, at
which each pixel on the screen subtended either 15 or
10 arcsec. Total screen area was 1024 pixels horizon-
tally and 768 vertically. In most situations a fixation
circle, 45 arcmin in diameter was shown in the center of
the field during the interstimulus interval. The full
screen in the interstimulus period (except for the fixa-
tion circle) and the background during presentation of
the stimulus had the same uniform luminance.
The stimuli were generated under computer control
(IBM Pentium clones using a Matrox Millenium
8Mbyte VRAM video board which could output 256
luminance steps) and displayed on high quality Sony 15
in.. Luminance was measured by a L101 Minolta light
meter. Because the actual luminance output for a given
input did not always remain exactly the same over the
several weeks of data acquisition, it was measured on
every occasion that data were collected. Our Michelson
contrast values were therefore acceptably precise,
though the mean light levels might have differed by as
much as 10%.
The actual stimulus patterns in our experiments are
illustrated in a somewhat schematic form in Fig. 1, and
are described in detail below.
2.1. Vernier discrimination
The stimulus was a circular disk, 30 arcmin in diame-
ter. It was bisected and the upper half had luminance
Lmin and the lower half Lmax. The disk was embedded in
a uniform background, covering the remainder of the
screen, with luminance approximately (LmaxLmin):2.
To create a vernier stimulus, the right half of the
bisecting edge was physically displaced upward or
downwards with respect to the left randomly by 0, 1, 2,
or 3 distance modules. The observer was required to
report on the apparent direction of this misalignment.
2.2. Orientation discrimination
The pattern was similar to the one above, but the
dividing line between the upper and the lower halves of
the disk was a straight edge, shown in each presentation
randomly in one of seven orientations: horizontal or 1,
2 or 3 modules of angular deviation either clockwise or
counterclockwise from the horizontal. An antialiasing
algorithm assured a smooth border on the raster scan.
The observer had to signal, by pressing one or the other
button of the computer mouse, whether the tilt of the
dividing edge was up on the right or the left side.
2.3. Blur or sharpness discrimination
In the middle of the screen, surrounded by a uniform
background, was a vertical strip 30 arcmin wide, with
two horizontal dividing lines separating a central
rectangle from the zones above and below it. The two
flanking zones had luminance Lmax, the central rectan-
gle had luminance Lmin, and the background was at
luminance approximately equal to (LmaxLmin):2.
Randomly at either the upper or lower border of the
central zone, the dividing line was a luminance ramp
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which was presented for 250 ms, had sharp borders,
and its height randomly varied from trial to trial in one
of seven equally-spaced steps. After a few presentations
to familiarize them with the criterion separation, the
observers had to signal after each presentation whether
the height of the rectangle shown on that particular
occasion appeared smaller or larger than criterion. At
criterion separation, the height of the rectangle was the
same as the width, so the observer could perform the
task by using the width as reference, i.e. by deciding
whether the rectangle was either taller or wider than a
square. But, observers are good at this kind of separa-
tion discrimination even without an explicit reference
and some control experiments were easily performed
with larger heights or widths of the central rectangle.
2.6. The tilt illusion or simultaneous orientation
contrast
A bright vertical or near-vertical line, 15 arcmin in
length, was shown on a uniform field of medium pho-
topic luminance level. The line was flanked laterally on
each side by a panel which had luminance Lmax set in
the different runs to produce a Michelson contrast
ranging from near 1.00 down to near detection
threshold. The flanking edges were separated by 15
(instead of a step), with a width randomly selected from
an ensemble of 0, 1, 2 or 3 distance modules. The
observer’s task was to report whether the upper or
lower border of the central square appeared less sharp
than the other. The value of the ramp width, in arcmin,
at which the observer made the identification correctly
on 75% of occasions was used as the blur discrimina-
tion threshold.
2.4. Displacement ( jump) discrimination
Here again there was a central vertical strip, 30
arcmin wide with a horizontal dividing line between an
upper half, with luminance Lmin, and a lower half, with
luminance Lmax. The background had a uniform lumi-
nance of approximately (LmaxLmin):2. In this particu-
lar experiment, the pattern was shown for 500 ms and
exactly half way through the exposure the dividing line
was suddenly displaced either upwards or downwards
by 0, 1, 2 or 3 distance modules. The observer had to
signal the apparent direction of the displacement.
2.5. Separation (spatial-inter6al) discrimination
The pattern was similar to that used in the blur
discrimination task, except that the central rectangle,
Fig. 1. Illustration of the test pattern used in the six different spatial functions whose sensitivity to contrast changes is the subject of this study.
In each case there was a border between a patch with luminance Lmax and one with luminance Lmin. The rest of the screen had a mean luminance
between these two which was also maintained over the whole screen, except for a 45 arcmin fixation pattern, during the intertrial intervals: A,
vernier alignment of edges; B, orientation discrimination of the border between the two halves of a disk; C, sharpness (blur) discrimination of an
edge; D, discrimination of direction of displacement of a border; E, discrimination of the separation of two borders; F, tilt illusion induced in a
line by edges; and G, poggendorff illusion for a rectangular inducing pattern.
G. Westheimer et al. : Vision Research 39 (1999) 1631–16391634
arcmin from the central test line and had parallel
orientations 18° to either one or the other side of the
vertical. In each trial, the central test line was shown
randomly in one of a set of seven equally-spaced orien-
tations spanning the vertical and the observer had to
signal whether it appeared tilted to the right or the left
of the vertical. Two conditions were run in a randomly
interdigitated fashion, viz. the inducing lateral edges
with a rightwards or a leftwards tilt with respect to the
vertical. Data for the two conditions were recorded and
analyzed separately. Half the difference between the
means of the two psychometric curves was taken to be
the measure of the tilt illusion. It is a numerical expres-
sion, arrived at by this nulling experiment, of the tilt
induced in the test line by the slanting borders of the
lateral flanking panels. To conform with the general
trend of the data on the other spatial visual functions,
which give low thresholds at high contrast and high
thresholds at low contrast, the induced tilt was ex-
pressed as a normalized reciprocal, i.e. the tilt at a given
contrast was divided by the tilt at the highest contrast.
This gives a value of 1.00 at the highest contrast, and
increases as the induced tilt becomes smaller.
2.7. The Poggendorff illusion
In most respects this experiment was similar to the
one reported in Westheimer & Wehrhahn (1997). At
each presentation the observer was shown a vertical
rectangle 25 min wide and 75 min high with luminance
Lmin, in the middle of a large circle of luminance Lmax.
A prominent black line extended upwards and left-
wards at 45° from the left vertical edge of the rectangle,
and there was a similar line extending downwards and
rightwards from the right edge. The lower section of the
line would be shown displaced vertically upwards or
downwards with respect to collinearity with the left
part of the oblique line and the observer had to report
on each occasion whether it appeared above or below
the location of perceived collinearity. The mean of the
psychometric curve was used as the measure of appar-
ent collinearity. The value in arcmins was converted
into a measure of the Poggendorff illusion in the fol-
lowing manner, predicated on the fact that the Poggen-
dorff illusion in this form does not disappear in an
empty field: the difference between the readings at the
highest contrast and in a uniform field was divided by
the difference between the readings at any given con-
trast and in a uniform field. This measure yields infinity
for a uniform field and unity for high contrast borders,
which is therefore comparable to the thresholds for the
other visual tasks employed in this study, which (theo-
retically) would also be infinite at zero contrast and
lowest at high contrasts. It must be noted that the 75
min edges used for this experiment were longer than
those for the other experiments. This was necessary to
prevent observers from using the distance between the
test line and the corner of the Poggendorff rectangle as
a cue for the discrimination.
2.8. Contrast detection thresholds
As a control experiment to provide a baseline, the
lowest contrast that the observer could detect was
measured. A pattern which was either a square with 25
arcmin side length or, in a separate experiment, a
rectangle 4 arcmin wide and 25 arcmin wide was shown
on a uniform background for 250 ms with a contrast
which was randomly chosen from an equally-spaced
ensemble of low contrasts. As a measure of false posi-
tives, one in approximately seven presentations featured
no added stimulus and allowed adjustment of the psy-
chophysical curve for guessing.
2.9. Obser6ers
The three authors and three students, naive as to
purpose of the experiment, served as observers. They all
had normal, or corrected to normal, visual acuity and
sufficient training to yield stable threshold values. The
student observers were in their twenties; observer CW
55 and observer GW 73 years old at the time of data
collection. Information about the optical status of the
latter two observers was obtained in connection with a
study on ocular light scatter (Westheimer & Liang,
1994). CW’s optical point-spread function is essentially
the same as that in normal young eyes. GW has a
point-spread with normal width at half-height and 20:
20 visual acuity, but a haze in his crystalline lens causes
an increase in the height of the point-spread function
over a wide outlying area with a consequent reduction
in the middle. In a relatively recent investigation by
Westheimer & Pettet (1990) it was found that GW
needs a mean light level of over 100 cd:m2 in order to
manifest responses to low-contrast hyperacuity tasks
that younger observer can accomplish at 20 cd:m2.
Consequently that data for this observer were accumu-
lated with a higher mean luminance than for the others,
but this change did not affect Michelson contrast
measurements.
3. Results
Measurements were obtained for six observers in the
various spatial visual tasks at several values of lumi-
nance contrast in the range from near 1.00 down to
near the detection threshold. Results for all observers
are given in Fig. 2. We have used a log-log plot here
not only to lay out more clearly results for the large
range of values along both axes, but also because the
units of measurements are in large parts arbitrary. For
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Fig. 2. The effect of contrast reduction on seven spatial visual functions in the human fovea. Data separately plotted for our six observers.
example, if the orientation discrimination had been
expressed in minutes rather than degrees of orientation,
the curves on a linear plot of the ordinates would have
quite a different shape.
To summarize the findings we have assembled an
average curve for all subjects for each condition and
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Fig. 3. Normalized curves for the six observers as a function of luminance contrast. The two arrows on the abscissae indicate the average threshold
for detection of the presence of a square of side length 25 arcmin, and to the right, the presence of a rectangle 4 arcmin high and 25 arcmin wide.
All data points were obtained by taking the geometric mean of all six observers at each contrast level, for each visual task.
then normalized them at the high-end of the contrast
range. Fig. 3 shows that the general decrease in perfor-
mance with reduction in contrast follows different
trends depending on the task. The two illusions, mea-
sured with a nulling procedure, are maintained practi-
cally unaltered until the inducing pattern is so dim that
it can barely be detected. On the other hand, orienta-
tion, vernier and blur discrimination demonstrate the
impairment with contrast reduction that has been docu-
mented on previous occasions (Watt & Morgan, 1983;
Wehrhahn & Westheimer, 1990; Waugh & Levi, 1993a).
The displacement detection has a somewhat shallower
trend.
In Fig. 2F there are no data for observer CW,
because in a previous study (Westheimer & Wehrhahn,
1994) he has been shown to be one of the few observers
who manifest little or no simultaneous orientation
contrast.
4. Discussion
If the various spatial tasks investigated by us were
based on the same brightness and contrast signals, it
might be expected that they would be equally robust to
contrast reduction. Evidently this is not the case. The
clearest differences emerge between orientation, vernier
and blur discrimination tasks on the one hand and the
spatial illusions—tilt and Poggendorff—on the other.
In agreement with Morgan & Regan (1987), separation
discrimination, which in most respects seems to share
so many properties with vernier discrimination, here is
seen to differ markedly from vernier acuity in its sus-
ceptibility to contrast reduction.
To assure ourselves that this difference is not the
result of the particular distance parameters chosen for
our experiments, we have performed a few additional
control experiments. Might the observer have gained an
advantage from the fact that the original pattern in its
unperturbed form was a square whose width could have
been used as a reference? Comparison of columns 1 and
2 in Table 1 reveals that the phenomenon is unaffected
Table 1
Separation discrimination thresholds (arcsec)
Condition
3061530Observer 3030
(arcmin)(arcmin) (arcmin)
CW
12.4790.9251.4495.54High contrast 45.8595.00
69.9297.24 23.2592.46Low contrast 86.4798.35
1.88 1.36Ratio 1.86
SB
24.7992.19 23.2591.54 11.5590.92High contrast
27.8792.31 41.4393.39Low contrast 15.0991.08
1.311.78Ratio 1.12
1.45 1.56Mean ratio 1.56
Separation discrimination thresholds at two levels of contrast (0.75
and 0.04), with three different sets of stimulus parameters: A, base
height of the rectangle and its width were 30 arcmin; B, base height
30 arcmin, width 15 arcmin; and C, base height 6 arcmin, width 30
arcmin.
In each case, the observer had to discriminate changes in the vertical
dimension of a rectangle. The ratio of thresholds at high stimulus
contrast to those at low contrast are given for each observer, and the
geometric mean for both observers is shown at the bottom. Separa-
tion discrimination is affected little by decreased contrast for any
configuration tested.
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Table 2
Vernier thresholds (arcsec)
Condition
Abutting Separated by 6 arcminObserver
CW
14.5091.80High contrast 6.4290.56
58.7095.50Low contrast 77.6397.98
12.09Ratio 4.04
GW
10.5091.00High contrast 8.9590.97
55.5095.80Low contrast 46.7095.01
5.28Ratio 5.22
SB
11.2491.17High contrast 4.5090.42
36.8193.08Low contrast 38.1993.08
3.27Ratio 8.49
4.11Mean ratio 8.12
Vernier thresholds at two levels of contrast (0.75 and 0.04), for two
conditions: A, abutting edges; and B, edges separated by 6 arcmin.
Alignment thresholds are generally more robust to low contrast when
there is a 6 arcmin gap between the vernier edges. However, they are
still affected more than separation thresholds for a base separation of
6 arcmin.
being performed. Either the signals on which vernier
and separation discriminations are based are not the
same or the mechanism by which the perceptual at-
tribute is arrived at is different in the two cases. That
stereoacuity is even more susceptible to contrast re-
duction than vernier acuity (Westheimer & Pettet,
1990) suggests that this problem needs further eluci-
dation.
A recent study has drawn attention to a deep dis-
tinction between vernier alignment and orientation
discriminations (Westheimer, 1996). It is, therefore,
significant that as far as contrast reduction, there is
no major difference between the two (Fig. 2 above;
see also Morgan (1986) for very similar results). This
suggests that these two tasks may rely on the same or
similar afferent signals, but that the further elabora-
tion of position and orientation is carried out inde-
pendently of one another.
It should be mentioned that Skottun, Bradley,
Sclar, Ohzawa & Freeman (1987) and Bowne (1990),
who also investigated the effect of contrast on orien-
tation discrimination, found little reduction in orien-
tation sensitivity with low contrast. However, the
stimuli in both of these studies were large patches of
sinusoidal gratings extending several degrees into the
retinal periphery, which is known to be more contrast
sensitive than the fovea (Alpern, 1953), even in pho-
topic vision, whereas we and also Morgan (1986)
used smaller foveal edge stimuli. To test the proposi-
tion that this accounts for the difference, we mea-
sured the orientation discrimination for Gabor
patches (6.5 arcmin spatial period, 50 arcmin length
at 25% height) in four observers. Orientation discrimi-
nation thresholds rose by an average factor of 4.6
when the contrast was reduced from 0.75 to 0.06,
more or less the same amount as for the edges in
Figs. 2 and 3. The difference then between our and
Morgan’s data and those of Skottun et al. and of
Bowne can not be ascribed to the use of sinusoidal
gratings versus sharp edges but rather must have its
origin in pattern size and:or retinal location. Support-
ing this contention is the demonstration by Nasanen,
Kukkonen & Rovamo (1997) that orientation discrim-
ination for large grating patches is much less affected
by contrast reduction than for smaller gratings. This
again emphasizes the need for equivalence in stimulus
parameters when looking for similarities or dissimilar-
ities in visual functioning for various tasks.
That good blur discrimination also requires high
contrast might be related to the fact that it, like
stereoacuity, is poor when the exposures are very
brief (Westheimer, 1991). But stimulus durations used
in the current study were long enough to give opti-
mum responses in all tasks.
The tilt and Poggendorff illusions seem remarkably
resistant to contrast reduction (see also Westheimer &
Wehrhahn, 1997). Whereas the neural basis of the
by substituting a rectangle for a square. Does the
shallow nature of the separation discrimination curve
arise from the fact that the base separation selected
was large and thresholds were higher than optimum?
Separation discrimination measurements in two ob-
servers with high and low contrast show about the
same difference when the base separation is reduced
from 30 to 6 arcmin (Table 1, column 3). We con-
clude from these results that separation discrimination
is only modestly impaired by contrast reduction re-
gardless of the configuration.
Our vernier measurements were obtained for abut-
ting edges. On two previous occasions, it had been
shown that there is less contrast dependency when the
components of vernier stimuli are separated (Morgan,
1986; Waugh & Levi, 1993b). We have, therefore re-
peated our experiment with a 6 arcmin separation of
the vernier edges. In agreement with earlier research
we now find much higher thresholds, which are more
robust to contrast reduction. However, thresholds still
rise by a factor of over 4 when the contrast is re-
duced, as compared with a ratio of less than 2 for a
similar change in the separation discrimination task
(Tables 1 and 2). We may conclude, therefore, that a
substantially different mechanism is at play when an
observer judges the separation between two adjacent
visual features than when other hyperacuity tasks are
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Poggendorff illusion is as yet unclear, there seems to be
a consensus that the tilt illusion can be explained by
iso-orientation inhibition of the orientation-selective
signals that make up the population of neurons from
which the orientation attribute of a line arises. If one
accepts the concept of population coding, the perceived
orientation would depend on the mean of the distribu-
tion and the orientation discrimination would depend
inversely on the width of the distribution. This would
lead to the interpretation that, though the population
distribution is less peaked at low contrast (poorer ori-
entation discrimination), its mean remains well
accessible.
From the data in this paper it can be seen that the
oldest observer, GW, in many instances shows the
highest decrement at low contrasts. One way of normal-
izing data is to give contrast not in absolute values, but
in values relative to the observer’s contrast detection
threshold (Waugh & Levi, 1993a). But even such mea-
surements depend on other factors, for example, target
size (Ricco, 1877) and shape (Steinhardt, 1936). As a
guide to readers who wish to pursue this kind of
analysis, we have measured the minimum detectable
contrast for our seven observers under the conditions in
which the experiments were performed, for 25 arcmin
squares and 254 arcmin horizontal rectangles. The
data are shown in Table 3. For the smaller targets
thresholds are not as good and there also appears to be
an age relationship. This raises the question of the
retinal areas employed for the various tasks; obviously
vernier or orientation discrimination depend on local-
ized stimuli and the severe reduction of performance
with low contrast goes along with this requirement. But
separation discrimination does not share this property,
either when large areas are involved (Fig. 2E) or small
ones (Table 1).
The results also deserve consideration in terms of the
magnocellular (M) and parvocellular (P) dichotomy, a
defining difference between these two streams being the
much poorer performance of the latter at low contrast
(Kaplan & Shapley, 1986). Motion processing is often
associated with the M pathway and hence this is a
plausible interpretation of the robustness to contrast
reduction of the displacement discrimination threshold,
as this involves a kind of motion stimulus. On the other
hand, there remains a great deal of ambiguity about
associating other visual capabilities with one or the
other pathway (see Maunsell (1992) for a review). Our
results suggest that the M pathway is sufficient to
support the spatial illusions, since their magnitudes are
not diminished even at contrasts where P cells are
almost entirely inoperative. The disappearance of these
illusions at isoluminance (Livingstone & Hubel, 1987) is
consistent with an important role of the magno system,
though the link between isoluminance and the func-
tional differences between the M and P pathways is
somewhat tenuous (Maunsell, 1992). In fact, isolumi-
nance studies (Livingstone & Hubel, 1987) tend to place
stereopsis in the M system and bisection acuity (a
functional equivalent to separation discrimination) in
the P system, but our contrast reduction results suggest,
if anything, the reverse.
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